Hydrothermal carbonization (HTC) has gained a lot of interest in the last few years for the process production of hydrochar from the different kinds of biological materials such as agricultural waste. Therefore, a thorough review of the literature on HTC has been conducted, which is more energy-efficient and involves hydrochar preparation at a lower temperature without any specific requirements for pressure. This review article primarily differentiates between the hydrochar and biochar developed from various sources. Also, a comparative analysis has been done to evaluate the maximum efficiency of hydrochar production. The various parameters, which influence the hydrochar yield to include pH, temperature, the concentration of the modifying agent, duration of exposure, salt, and phenolic compounds, have also been highlighted in this review. The scale-up processes for industrial level hydrochar production, along with bioreactor designs, have also been discussed. We have also focused on various applications of hydrochar, such as adsorbent in wastewater treatment, carbon sequestration, gas adsorption and in the field of agriculture for soil amendment. The adsorption effects of hydrochar towards the partial and proportionate adsorption of heavy metals and hazardous chemicals have been depicted. This review of the literature clearly illustrates the role of HTC in environmental remediation of soil, air and water and its usage in various industries.
Introduction
Hydrothermal reactions have been occurring in nature from years back, which are responsible for the conversion of dead plants and animals into different forms of fossil fuels such as coal and petroleum. These geological reactions have been copied by human beings for the production of biofuels by the transformation of carbohydrates and biomass [67, 78, 176] . Despite a complex process, which involves the conversion of carbon-rich compounds at relatively high temperatures and pressure, it is a highly sustainable process for the purpose of preservation of resources. Hydrochar, the solid product of HTC, is hydrophobic and non-toxic that can be used as activated carbon, solid-fuel and adsorbent for wastewater treatment [57, 151] .
Hydrothermal conversion is of three types namely hydrothermal gasification, hydrothermal liquefaction, and hydrothermal carbonization in accordance to the phase diagram of water and its different regions above vapour pressure and critical temperature [72, 81, 82] . Since the hydrothermal gasification process occurs at a relatively high temperature of more than 215 °C, it causes a release of various gases like hydrogen and methane. [79] had categorized the hydrothermal gasification process into three categories based on the gaseous products as aqueous phase refining, catalyzed near-critical gasification and supercritical gasification. These categories are in increasing order of temperature ranging from 215 to 265 °C in case of an aqueous phase reforming, to 350-400 °C in catalyzed near-critical gasification. The reaction temperature for hydrochar formation plays a significant role in determining its physiochemical properties [91, 95, 166, 167] . At higher temperature, liquid products such as bio-oils are obtained by the process of hydrogen liquefaction. In this process, biomass is heated to 300-300 °C at [15] [16] [17] [18] [19] [20] MPa in the presence of water. Hydrothermal carbonization (HTC) at low temperature (less than 300 °C) is more sustainable procedure alternative to thermal treatment at high temperatures such as pyrolysis and microwave heating due to energy saving process.
Major constituents of bio-oils being phenols and other phenolic molecules. The conversion is aided by catalysts which can be alkali hydroxides, carbonates, noble metals, hydrogen carbonates, etc. Various precursors can also be exploited for the process of production of bio-oils through the process of hydrothermal liquefaction such as lignin, which is abundant in nature [72, 124, 143, 144] . The major determinants of the end product are the type of feedstock, processing temperature, reaction time and pressure under which reaction takes place. Though, hydrothermal carbonization doesn't require the use of a catalyst, however, in literature 'Fe' being reported as a potential catalyst which can enhance the rate of reaction as high as four folds in case of peat and lignin. The raw material taken for hydrochar preparation can be either pure carbohydrate or carbohydrate-rich biomass ( Table 1 ).
Hydrothermal Carbonization of Biomass
The carbonization of biomass is not only restricted to pure carbohydrates but also complex carbohydrates like lignocellulosic biomass undergo this process. Such precursors, which are complex in nature require a different set of reactions because of their more complex decomposition process when compared to hemicelluloses and lignin [166, 167, 173] . The conversion of these complex biomasses into soluble fractions can be done by using catalysts like Fe, followed by HTC of pure carbohydrates to obtain spherical particles. The parts of the biomass, which are insoluble in nature, become porous and thus help in the preservation of the fibrous structure of the tissues, even after the process of carbonization. These preserved carbonized tissues can be easily separated from the carbon microsphere particles. The mechanism of carbonization of biomass hydrothermally is still unclear. [128] , reported the suitability of hydrothermal carbonization to convert water hyacinth to hydrochar.
Among the various preparation methods in this context, [153] had proposed a method, which states two different routes to carry out HTC. The first route involves the hydrolysis of cellulose into glucose and dehydration of glucose to form furfural (hydroxymethyl), which is then further polymerized/aromatized into the carbonized structure. The second route explains about decarboxylation of cellulose and further condensation to form an aromatic structure, which can be linked to the primitive methods of pyrolysis. After the HTC process is completed, the change in the composition of the C, H, and O, in the product, can be studied by using a Van Kreveler diagram. This diagram talks about the decrease in O/C and H/C ratio upon carbonization. The diagram also compares the anthropogenically produced carbonized particles to the different grades of naturally carbonized particles of peat, lignite, anthracite, and coal [4, 39] . [145] reported that H/C, O/C and calorific value of cellulose derived hydrochar at 200 °C shows no significant changes while for xylan derived hydrochar changes dramatically at the same temperature using Van Krevelen diagram which indicates initiation temperature of HTC for cellulose is above 200 °C. [196] determine the different, H/C and O/C atomic ratios of cotton stalk hydrochar from Van Krevelen diagram with different HTC temperature and reaction times.
[55] reported microwave-assisted hydrothermal carbonization (MAHC) method using lignocellulosic biomass such as pine dust. The effect of surfactant on the hydrothermal carbonization of coconut shell was investigated by [157] .
The pure carbohydrate can either exist in the form of monosaccharides such as glucose and fructose, or the form of disaccharides and polysaccharides such as maltose, [175, 177] xylose, sucrose, amylopectin, and starch. Some carbohydrates derivatives, such as hydroxymethyl furfural and furfural, can also be used to prepare carbon-rich substances for feedstock [111, 112, 154] . The carbonization reaction mainly comprises of three steps, as reported by [90] . (a) Dehydration of carbohydrate to Hydroxymethyl furfural, (b) Polymerization of these furfurals into polyfurans, (c) Further carbonization through intermolecular dehydration.
Although there are many protocols available to produce hydrochar by HTC of biomass [122, [135] [136] [137] 172] however, there is significant variation in the yield, and physiochemical properties [149] . Table 2 depicts the yield and High Heat Value (HHV) of hydrochar produced from different biomass sources at optimum conditions. Natural biomass conversion takes place in millions of years, however, this biomass conversion can be achieved within a few hours by HTC process [41, 158, 159] . Hydrothermal conversion of biomass provides an advantage over other methods as water is being used as a solvent [149] . Recent advancements in HTC involve the direct conversion of biomass to carbon product along with gas and liquid phase production. In addition, many oxygen-containing functional groups are retained over the surface of hydrochar ( Fig. 1 ). Cellulose, hemicellulose and lignin content have a high influence on the quantity and yield of hydrochar. In general, HTC is carried out in a closed vessel in temperature and pressure range depending upon biomass [11] . Plant products such as grass, leaves, straws and chipped off woods are placed in a closed vessel with water and a suitable catalyst [185] . The vessel is then closed and the reaction mixture is heated at 200-300 °C, 4-6 MPa pressure for 4-12 h. The vessel is then opened and black watery carbon-rich fluid can be obtained inside it, which undergoes further processing steps prior to being used as hydrochar. Recently investigators are using microwave HTC (MHTC) over traditional HTC because of fast processing time and high calorific value (HHV) of hydrochar on similar conditions [141, 142] . Several studies have been reported where scientist are using natural microalgae with a high ash content, sewage sludge, dairy manure, Chinese fan palm etc. for the production of hydrochar [46, 93, 161-163, 165, 169, 184] . Hydrochar can also be used for soil amelioration, conservation of nutrient and increase in carbon stock in degraded soils. It has extensively come to attention due to its property of contaminant remediation and soil improvement. Hydrochar at lower temperatures is optimal for contaminant remediation because of its high adsorption ability and absence of negative effect on plants [90, 189, [192] [193] [194] . Keeping into consideration the performance and economic efficiency of the HTC process over conventional slow pyrolysis, it is extensively used for wet feedstock, thus eliminates the predrying requirement. Apart from this, hydrochar has added various applications like carbon sequestration, bioenergy production and wastewater pollution [59, 152] remediation in its list. Hydrochar property is dependent upon its precursor sources like rice husk, tomato leaves, banana stem, municipal waste and many others [10, 129, 164] . In literature, it has been reported that hydrochar contains oxygencontaining functional groups and shows hydrophobic nature [56, 58] . During the HTC process, lignin and cellulose content from hydrochar get diminished and show HHV.
Hydrochar formation is dependent on the type of biomass being used; however the basic mechanism remains the same (Fig. 2 ). It has been observed that water acts as both catalyst and reactant in the hydrolysis reaction. As the value of the dielectric constant of water diminishes with an increase in temperature, it leads to an increase in the rate of reaction and solubility of organic compounds. Since hydrochar is composed of a polymer of glucose (cellulose), during the HTC process at a specific temperature range, it would lead to the breaking of glycosidic bonds in the structure. Cellulose would then decompose into glucose and at the same time, lignin gets fragmented and dissolves with an increase in the reaction time. GC-MS results have shown that 5-HMF, furfural and phenolic derivatives are the characteristic products of cellulose, hemicellulose, and lignin respectively [111, 112] . In the acidic media, furfural compounds undergo condensation reaction and the opening of the hydrolytic ring. There occur polymerization and condensation reactions of furfural derivatives on the surface of fibres leading to the formation of hydrochar microspheres [84] . By using the thermal analytical method, HTC reaction of straw biomass reveals that there occurs exothermic degradation of hemicellulose at a temperature above 125 °C. It has also been observed that partial amorphous cellulose breaks down into smaller molecules, which then lead to the formation of 5-HMF upon dissolution in water, mimicking the results for furfural ring [64, 80] . 
Hydrochar Energy Properties
Apart from carbon efficiency, yield, and energy input, higher heating value (HHV) of hydrochar is a very important factor that should be taken into consideration as it provides the quantity of total energy present in the hydrochar. It has also been reported that with an increase in the residence time, the HHV increases up to a certain extent and becomes constant thereafter. Once the elemental composition of hydrochar is determined, its HHV can be easily calculated by using various HHV equations [75] . Basically, there are two approaches for HHV calculations:
Ultimate correlation: Here, elemental composition (C, H, and O) is taken into consideration, and one such equation is Dulong's equation which is being extensively used by researchers.
Proximate correlation: This type of correlation is easier, and cost-saving as ash content, fixed carbon (FC) and volatile matter (VM) is taken into account, thus saving cost for element analysis.
In order to increase HHV of hydrochar HTC technique has been amalgamated with the ceramic method (MgO) resulting in higher HHV for cellulosic biomass [147] .
The HTC processes are used to produce hydrochar, and optimum temperature should be maintained to maximize the energy recovery efficiency. The calorific value of hydrochar increase with increasing temperature but yield of hydrochar decreases [113] .
Characterization of Hydrochar
Once hydrochar is prepared, it becomes essential to characterize it to ensure the containment of desirable properties. Analysis of the elemental composition of carbon, hydrogen, nitrogen, oxygen, and sulfur can be done either by Vario EL elemental analyzers [125] [126] [127] or by elemental Vario EL III instrument [71] as presented in Table 3 . LECO elemental analyser uses infrared absorption and thermal conductivity to measure combustion gases within a metallic sample to determine the presence 
Energy recovery efficiency = product yield energy density and concentration of carbon, sulfur, oxygen, nitrogen or hydrogen [48, 160] . Mass yield and HHV can be estimated along with ash content. Compared to the reaction time, reaction temperature has more effect on the mass yield of hydrochar and elemental carbon content, as can be seen in the work done by Reza et al. [125] [126] [127] . Ratio content of C/O and C/H increases with the increment in the temperature above 200 °C as reported by [145] . Also, deoxygenating reactions leads to improvement in the carbon content. It is worth highlighting the fact that a simple power-law model can be exploited to examine the composition of elemental oxygen and elemental carbon in the hydrochar. Researchers have also reported the use of C 13 CP/MAS solid-state NMR measurement method to carry out the comparative analysis between original micro-crystalline cellulose and various other compounds [15] . These compounds may include crystalline cellulose, amorphous cellulose, hemicellulose, aromatic carbons, methyl carbons of lignin, and carbon bound to oxygen (phenolic groups and aromatic ethers).
The presence of furfural, which is an important intermediate product formed by the polymerization reactions in the sample, can be confirmed by using scanning electron microscopy (SEM) [37] . It has been observed that the lignocellulosic structure ruptures into several fragments along with some small pores that are formed by the emission of gas. Also, an increase in the temperature reduces the adhesion of micro-particles on the lignocellulosic fragments [44, 47] . Figure 3 shows the different techniques used for the characterization of hydrochar.
SEM and transmission electron microscopy (TEM) are the most common techniques for characterization of any material, hence can be extensively used for hydrochar characterization [28, 108] . These techniques have shown the composition of the hydrochar consist of carbon-microspheres in the form of core-shell.
Parameters Governing Hydrothermal Carbonization

Effect of Temperature
Temperature is the most important parameter in the production of hydrochar through HTC. Temperature plays an antagonistic effect on hydrochar yield [42, 109] . During the HTC process, upon increment in the reaction temperature, there occurs decrement in the yield of hydrochar. This decrease in the hydrochar yield can be attributed to the temperature elevations. Temperature elevations lead to the release of volatile matters, which increase the reactions of dehydration and elimination, thus resulting in the reduced yield of hydrochar. A similar type of results was found in the earlier studies, where, 12.
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To characterize morphology and crystalline structure [17, 146] a temperature lower than 200 °C would give a higher yield of hydrochar rather than temperature beyond 200 °C [195] . Thermodynamic properties of the hydrochar have revealed that its yield and properties can be expressed as a function of dose-response, and hence there occur significant variations in the properties and yield by a change in the temperature [56, 58, 189, [192] [193] [194] .
[43] used sewage sludge for hydrothermal carbonization which is modelled using MATLAB. The rate of conversion of sewage sludge to hydrochar during HTC depends upon temperature applied. The reaction rates are calculated using an Arrhenius expression.
where k 0 is Arrhenius factor (min −1 ), E a is activation energy (J mol −1 ), R is the universal gas constant (8.314 J mol −1 K −1 ) and T is the temperature of reaction (K). The temperature range around 160-250 °C for hydrothermal carbonization of sewage sludge is recommended to produce bioenergy [161] [162] [163] 165 ].
Effect of phenolic compounds
Recent findings [1-3, 158, 159] have revealed that the addition of phenolic compounds to the reaction mixture can increase the yield of hydrochar several times (Fig. 4) . Extensive work showing the effect of various phenolic compounds over hydrochar yield has been carried out by [57]. Zhang et al. [189, [192] [193] [194] describe the increasing aromaticity of hydrochar upon addition of phenolic compound during HTC of corn stover.
Effect of Reaction Time
HTC is a process where the reaction time was found to be the crucial factor, which affects the yield of the hydrochar production [1] [2] [3] 120] . As per the study, in a supercritical state, the degradation and hydrolysis rate of biomass is very high. The lighter organic compounds and permanent gases will be formed, which decrease the hydrochar yield and increase the carbon porosity. It also leads to an increase in the bio-oil production, therefore, the short time period is necessary for the higher yield [73, 132] . In addition, the work done by [29] reflects the idea that there occurs no significant variation in the hydrochar yield up to the certain limit with an increase in the reaction time.
Effect of Salt Addition
Addition of various salts also influences the hydrochar energy yield. Calcium lactate, calcium chloride, and lithium chloride pre-treatment have been reported to enhance the HHV of hydrochar prepared from loblolly pine compared to untreated hydrochar [96, [161] [162] [163] 165 ].
Bioreactors and Hydrothermal Carbonization of Biomass
In literature, there are various bioreactors mentioned that can be employed to enhance the yield of hydrochar [30, 65, 107, [125] [126] [127] .
[43] performed hydrothermal carbonization experiment using sewage sludge in a high-pressure autoclave reactor at 0.6-1.5 bar (mechanical pressure), 160-240 °C (hydrothermal temperature) with residence time 30-120 min. Similarly, [113] conducted hydrothermal carbonization of algal biomass using hydrothermal reactor operated under N 2 gas at the range of 150-270 °C with 60 min reaction time in subcritical water condition and mixing is achieved using agitator rotating at 200 rpm. Table 4 shows different reactors used for hydrothermal carbonization of biomass.
Hydrochar Modifications
The hydrochar modification is performed on the basis of the type of contaminants to be removed. The surface modification is performed on various raw materials and through various oxidizing agents like H 2 SO 4 , HNO 3 , H 2 O 2 and KMnO 4 [161-163, 165, 179] . There are innumerable methods for activating chars and making them efficient for the purpose of sorption [195] . Various effects of different parameters and modifications over hydrochar yield have been summarized in Table 5 . Aqueous heavy metals (Fe 2+ , Pb 2+ , Ni 2+ , Cd 2+ , Cu 2+ ) can be adsorbed via hydrochar by treating its surface with hydrogen peroxide, which enriches its surface with oxygencontaining functional groups. These functional groups are mostly carboxyl groups as well as other groups like quinone, lactone and carbonyl carbonate. The adsorption of lead is increased to almost 10 times to that of the conventional untreated hydrochar [66, 85, 86, 174, 178] .
The adsorption of ammonium is independent of the surface area of the adsorbent, mostly derived from Oakwood, municipal sewage waste (MSW) and greenhouse waste. The calcium and magnesium concentration of the hydrochar affects the adsorption of phosphate. The adsorption of ammonium or phosphate can be delicately reversed from the used hydrochar [24, 85, 86, 150] . The adsorption of the copper is observed in the form of a monolayer and by the formation of an inner layer complex by ion exchange mechanisms. This phenomenon can be studied by using the FTIR technique. Whereas, the adsorption of copper is a sole phenomenon based on the diffusion, which is determined by the BET (Brunauer, Emmett, and Teller) analysis [1] [2] [3] . The hydrochar can be physically modified while producing at varying temperatures as well as varying sources like sugarcane bagasse, hickory, and hull and thus it can be made more compatible for the adsorption of lead and methylene blue [33] . Melamine and potassium oxalate can be used for super activated carbon production from hydrochar, which not only replace the need of KOH treatment but also enhance the yield by more than twice [138] .
Hydrochar and Adsorption Isotherms
Adsorption of various metal ions, organic wastes, and hormones over hydrochar can be studied by applying adsorption isotherms. There are many isotherms reported in the literature, and any of the isotherm models can be used to determine the amount of adsorbate adsorbed over hydrochar surface. Recently the adsorption of Cu 2+ ions has been studied over faecal sludge hydrochar by using Langmuir and Freundlich isotherms [77, 89] ).
The linear form of Freundlich and Langmuir isotherms respectively can be written as follows:
where q e = mass of adsorbate adsorbed per unit hydrochar; k f = Freundlich capacity factor; n = Freundlich intensity parameter; C e = equilibrium concentration of adsorbate in solution after adsorption (mg/L); q m = mass of adsorbed adsorbate required for complete saturation of unit mass of hydrochar (mg/g); b = experimental constant.
The other used isotherm models may include which was included by several researchers [36, 61] . Dubinin-Radushkevich model 
Applications of Hydrochar
Hydrochar has several value-added applications in the industry and environment. An industrial application of hydrochar for dye, antibiotics and heavy metal removal [76, 189, [192] [193] [194] is presented in Table 6 . Several other noteworthy applications are mentioned hereunder.
HTC of biomass results in improving the fertility of the soil and helps in carbon sequestration. Heavy poring of pesticides in water and runaway water from the fields results in the contamination of groundwater. These run-away pesticides are efficiently adsorbed by the hydrochar as it
decreases the movement of pesticides in water. In other studies, it was found that hydrochar prepared from corn digest, miscanthus and woodchips helps in adsorption of the pesticides [26] . Hydrochar, activated through K 2 CO 3 and KOH, helps in the adsorption of pharmaceutical drugs like-ibuprofen, paracetamol, clofibric acid, caffeine, and iopamidol. The reused hydrochar can be modified and used as a novel magnetic carbon composite, which helps in the high adsorption of malachite green dye [197] . If added to the soil, the hydrochar enhances the growth of microbial by adsorbing the NH 4 + and NO 3 − and increases the soil respiration. Also, it is worth mentioning that upon addition of hydrochar into the soil it is easily degradable [7, 8] . The hydrochar with higher surface area results in the higher ammonium ion adsorption [150] . The municipal sewage sludge hydrochar helps in the increment of the total heavy metal ions in the soil [188] . Various other studies have also revealed that triethylenetetramine (TETA) modified hydrochar results into the higher adsorption of phenol, Cu 2+ and Pb 2+ in descending order respectively [155, 156] . It also increases the fuel properties of biomass by lowering the oxygen content and increasing the carbon and energy content [99] .
Hydrochar is being used to modulate the soil characteristics and to study the change in the nitrogen fixation properties by Bradyrhizobium in soybean plants [133] . Hydrochar produced by HTC of orange peels, treated with phosphoric acid, has been analyzed for the adsorption of water contaminants [35] . The hydrochar prepared from rice husk has also attracted several stakeholders into this domain due to its extensive applications, specifically in the area of soil fertility and productivity [16] Other studies suggest that mineralization of soil by hydrochar is faster than pyrochar, which has also been compared through various in situ studies like mini-plot method [52] . A novel technique has been devised for the production of hydrochar by using a mixture of potassium oxalate and melamine which is less corrosive than KOH, thus can produce highly porous carbons, for its super capacitor application [138] . Swine faeces desired hydrochar has also found promising results in the removal of rotavirus and adenovirus from artificial groundwater [19] .
Wet algal biomass has been used to produce liquid biofuels and dietary supplements (nutraceuticals) using HTC process that retained 85% of the fatty acids in the original biomass [94, 101] . Myrtle and mastic growth has been successfully done using hydrochar substrates in the absence of soil, which shows hydrochar has enough scope for being used in the field of agriculture [9] . Hydrochar prepared from HTC of municipal solid waste (MSW) has also shown promising applications to remove the aromatic hydrocarbons and polyaromatic hydrocarbons (PAHs) [117] . Latest studies have found the use of hydrochar for detection of toluene in gaseous phase even in minute quantity and thereby finds its applications in monitoring and diagnosis of lung cancer [51] . Different environmental applications of Hydrochar are shown in Fig. 5 .
Energy Production
With better physicochemical properties hydrochar is used as an alternative to coal and fuels; therefore, it may substitute them in the near future [83, 143, 144, 182, 183] . The temperature required for the degradation of biomass by the HTC process is comparatively lower than any other process. Different biomasses are used for the production of hydrochar. Among those, hemicellulose shows efficient water sorption properties. The biomass undergoes shortening during thermal pre-treatment due to depolymerization reactions. This makes it highly friable in structure and is easily ground.
Also, hydrochar has less ash content as compared to biochar produced via slow pyrolysis. The eradication of alkali and alkaline earth metals from raw biomass eliminates the risk of fouling, scaling, slagging and corrosion during combustion, therefore, rendering hydrochar the best for energy production [102, 103] .
Carbon Sequestration and Gas Adsorbent
Carbon sequestration is the process of storing and capturing carbon. The advantage of using hydrochar over biochar is that HTC does not produce harmful gases and is environment-friendly. Due to a high surface group of oxygen content, hydrochar particles are not prone to auto-ignition. Due to the lesser stability of hydrochar in the soil, an in-depth research is needed in this domain to overcome all such challenges associated with poor stability. Hydrochar is efficient to adsorb CO 2 from the atmosphere, therefore, reducing the effect of global warming [31, 74].
Agriculture
Wet biochar can lead to a risk of spontaneous combustion or dust explosion in case of an open fire. Also, there is a significant loss of biochar during transport and handling. These drawbacks of the biochar have been eliminated by the use of hydrochar. Being wet in nature, hydrochar eliminates the risk of open fire combustion. However, it should be noted that sometimes hydrochar may become hydrophobic when oven or completely air-dried. Also, hydrochar being extensively used in soil to increase its fertility and provide essential elements for plant growths [7, 8, 62] . Hydrochar has also been reported to show positive results towards the enhancement of biomass productivity of poplar plants by affecting nitrogen uptake rates [49]. 
Activated Carbon Adsorbents
Though hydrochar has a very low surface area and porosity due to its surface rich in oxygen containing functional groups, the adsorption capacity is much higher than biochar. The use of hydrochar for wastewater treatment is still in the embryonic stage, and therefore, extensive research is going on in this filed to improve this property of hydrochar [27, 34, 118] . Recently, researchers have reported the promising applications of hydrochar for efficient dye and phenolic compounds adsorption from industrially wastewater [45] . In order to determine the specific surface area of hydrochar, quantachrome autosorb surface area analyzer can be used with both N 2 and CO 2 adsorption methods [191] . There are many functional groups present on the surface of hydrochar, and hence find immense applications. Though it's quite arduous to determine all the functional groups and composition of hydrochar however, Fourier Transform Infra-Red (FTIR) analysis can be used for the examination of the same. The most commonly used technique for determining elemental composition may include X-Ray Diffraction (XRD) [ [38, 186, 198] .
Soil Amendment
Hydrochar can be used for soil amelioration or contaminant remediation [34, 187] . Hydrochar produced by HTC shows unique properties of adsorbing cationic contaminants. Hydrochar prepared at a lower temperature range (200 °C) is better than the hydrochar prepared at higher temperature range due to lesser energy requirement. Hydrochar at lower temperature range exhibits higher yields, better adsorption ability and no effect on plants. Therefore, low-temperature hydrochar can be recommended for soil amendment purposes [33, 98].
Bio-refinery
During HTC process, water ionizes to form hydronium ions, which catalyses the breakdown of hemicelluloses polysaccharides resulting in the formation of intermediate products viz., 2,5-HMF, aldehydes (acetic acid, lactic acid, propionic acid, levulinic acid and formic acids) and other phenolic compounds that can be extensively used in biorefinery industry for manufacturing chemicals [25, 81, 82] . By hydrogenation liquid biofuels, like 2,5-dimethylfuran (DMF) and 2,5 Bis-hydroxymethyl, furan can be manufactured from 2,5-HMF. The US Department of Energy has identified HMF and levulinic acid as top 12 value-added chemicals from biomass [70, 171] ).
Removal of Organic Wastes Including Dyes and Drugs
The hydrochar produced by HTC of orange peels is proved to adsorb three pharmaceuticals (diclofenac sodium, salicylic acid, and flurbiprofen) contaminants from water very effectively after treatment with phosphoric acid under the flows of CO 2 , which primarily depended on the porosity of the adsorbent material [35] . [121] demonstrated the removal of methylene blue from modified bamboo hydrochar.
Advantages of Hydrochar
Hydrochar has many advantages such as low ash content, high adsorption affinity for both polar and non-polar functional groups, contains mitigated compositions of heavy metals, alkali, and alkaline earth metals [70, 180] ). Hydrochar also possesses higher atomic O/C and H/C ratios and reduced carbon recovery, produced at the same operating process temperature [38] . Also, hydrochar prepared by HTC is found to be environment-friendly, and thus it does not generate any hazardous chemical or by-product as other char can [141, 142, 178] ).
Conclusion
In today's modern world seeking for high environmental applications, hydrochar has gained significant interest. Though the basic process for hydrochar preparation from different biomasses remains the same, i.e. HTC, however an alternative to HTC has also been discussed in the present paper. Hydrochar can also be prepared at lower temperature ranges by using suitable catalysts like H 2 SO 4 , citric acid, salts, and others. It not only reduces reaction temperature but also increases hydrochar efficiency and energy yields. The optimum conditions for hydrochar yield have been discussed in this paper which varies from biomasses to biomasses. Use of hydrochar in wastewater treatment is more advantageous than biochar, as unlike biochar, it can be directly prepared from wet biomass hence more economic, environmentally friendly and highly efficient. Focusing on heavy metal ion adsorption, it is highly dependent over oxygencontaining functional groups on hydrochar surface. Heavy metal ions in wastewater interact with oxygen atoms and hence get adsorbed over hydrochar surface. To enhance the efficiency of hydrochar, the oxygen-containing functional groups have to be increased by modifying its surface. Different modifications techniques, as discussed above, would help in removing organic wastes and heavy metal ions from the wastewater. Characterization of hydrochar has confirmed the presence of various functional groups over its surface due to high oxygen-containing functional groups. Hydrochar also finds its applications in heavy metal ion adsorption from wastewater. Moreover, the results reveal that the hydrochar production by HTC process is much effective and eliminates the dependency on the reaction time and exposure temperature. Significant variations in the properties of hydrochar produced from different feedstock have been detected. The heat value of the hydrochar is increased after HTC, and so with adsorbent, hydrochar can also be used as a fuel. Hydrochar is stable due to its low activation energy and hence would be less violent after combustion. HTC is the best process for coal formation as compared to the natural process, which uses years for the formation of coal. Moreover, HTC does not require any dry mass for coal production, so HTC becomes the best process for coalification. SEM and TEM analysis have clearly indicated that the number of pores in hydrochar have increased after the HTC as compared to the pores present in the precursors. It is also concluded that batch mode isotherms like Langmuir and Freundlich and continuous column can be used for better understanding the adsorption phenomenon. 
